The endocannabinoids anandamide and 2-arachidonyl glycerol (2-AG) are modulators of glutamate and c-aminobutyric acid (GABA), two transmitters involved in cocaine addiction. However, little is known on the effects of cocaine on the enzymes that produce and degrade endocannabinoids. The present work addresses the effects of cocaine self-administration on the immunohistochemical expression of endocannabinoid signalling (ECS)-related proteins in the hippocampus. The study has been performed on two different strains of rats, Lewis (Lew) and Fischer 344 (F344), which are characterized for displaying a differential sensitivity to cocaine, thus making them suitable in the study of vulnerability to drug addiction. Both strains showed differences in the expression of ECS-related proteins in the hippocampus, i.e. Lew rats exhibited lower CB 1 expression but higher CB 2 expression than F344 rats. After setting similar cocaine self-administration, both strains showed clear differences in the expression of ECS-related proteins, which were differentially restricted to either the 2-AG or anandamide signalling pathways in a self-administration training/drug-dependent manner. The decreases observed in CB 1 expression and N-acyl phosphatidylethanolamine phospholipase D :fatty acid amino hydrolase ratio after saline self-administration were enhanced only in cocaine self-administered Lew rats. CB 2 expression increase and diacylglycerol lipase a :monoacylglycerol lipase ratio decrease detected after saline self-administration were blocked only in cocaine self-administered F344 rats. These findings indicate that cocaine may regulate hippocampal GABA/glutamate synapses by directly modulating endocannabinoid production/ degradation enzymes and that these actions are strain-dependent. This differential response suggests that the endogenous cannabinoid system might contribute to genotype/strain differences on the sensitivity to self-administration training and cocaine addiction.
Introduction
Cocaine addiction is a current health problem in Western countries with severe economic and social burdens. The mechanisms mediating the rewarding actions of cocaine rely on a well-defined circuit that comprises dopaminergic neurons originating in the ventral tegmental area (VTA). These neurons project to the nucleus accumbens (NAcc) and the prefrontal cortex (Koob and Volkow, 2010) , as well as to the extended amygdala and the hippocampus (Rodriguez de Fonseca and Navarro, 1998) . Several experimental data have established a role for the hippocampal formation in cocaine addiction. For example, subiculum activation has been implicated in the reinstatement of cocaine seeking (Vorel et al., 2001) and inactivation of hippocampal output attenuates cocaine seeking elicited by either associative cues or by cocaine injection (Rogers and See, 2007) . Cocaine self-administration also modifies synaptic activity of hippocampal cells. It has been reported that cocaine self-administration facilitates the induction and maintenance of different forms of long-term potentiation (LTP) in the hippocampus (Thompson et al., 2004 ; del Olmo et al., 2006b) , while cocaine exposure impairs long-term depotentiation in this region (Prakash et al., 2009 ; Miguens et al., 2011b) .
A number of functional interactions between the neurotransmitters glutamate and c-aminobutyric acid (GABA) and the endocannabinoid system (ECS) play a critical role in hippocampal synaptic plasticity (Malenka and Bear, 2004 ; Lopez-Moreno et al., 2008 ; Ruiz et al., 2010) . Therefore, the alterations induced in hippocampal function found after cocaine self-administration could be due to modification in several elements of the ECS. However, it must be noted that the relationship between cannabinoids and the effects of psychostimulants is currently a subject of debate (Arnold, 2005) . Initial studies suggest that both cannabinoid receptor desensitization and cannabinoid receptor blockade potentiated dopamine-mediated behaviours (Giuffrida et al., 1999 ; Gorriti et al., 1999) . Simultaneously, Fattore et al. (1999) showed that an acute administration of the cannabinoid agonist WIN 55,512-2 decreased cocaine self-administration, whereas cannabinoid CB 1 receptor blockade suppressed both cue and cocaine-induced reinstatement of selfadministration after extinction (de Vries et al., 2001) . This was confirmed by Soria et al. (2005) , who reported that CB 1 null mice exhibited reduced reinforcing efficacy of cocaine. Recently, it has been shown that previous exposure to THC alters the reinforcing efficacy and anxietyrelated effects of cocaine (Panlilio et al., 2007) and that the ECS plays a role in the increased motivation of cocaine in conditions of extended accessibility (Orio et al., 2009) . In contrast, Tanda et al. (2000) found that the administration of the CB 1 receptor antagonist rimonabant (SR141716A) did not affect cocaine self-administration rates in squirrel monkeys nor did it alter the levels of anandamide (AEA) or 2-arachidonyl glycerol (2-AG) in rats (Caille et al., 2007) . Additionally, normal behaviour in cocaine selfadministration has been found in CB 1 knockout mice (Cossu et al., 2001) .
Some of these contradictory findings may rely on the different model/species used. The role of genetic factors in drug dependence is a key issue on animal models of addiction. Some of these factors modulating selfadministration have been studied in two different strains of rats, Lewis (Lew) and Fischer 344 (F344). These two inbred histocompatible strains differ in several parameters of addiction-related behaviours and stressors and differ in several neurochemical parameters that are related to reward processes (Table 1) . For instance, Lew animals have higher levels of tyrosine hydroxylase in the VTA, but lower levels in the NAcc when compared to F344 rats (Beitner-Johnson et al., 1993 ; Ortiz et al., 1996) . Moreover, it has been shown that there are higher levels of dopamine in the NAcc core of Lew rats after acute administration of several drugs of abuse (Cadoni and di Chiara, 2007) . There are also differences in the levels of m-opioid receptors (Sanchez-Cardoso et al., 2007) and in the reactivity of the hypothalamic-pituitary-adrenal axis (Kosten and Ambrosio, 2002) . With regard to cocaine, Lew rats acquire cocaine self-administration faster and easily than F344 rats (Kosten et al., 1997) . However, once self-administration behaviour has been acquired, F344 rats self-administer more drug than Lew rats, show higher response rates towards cocaine and achieve higher breakpoints under progressive ratio schedules (Kosten et al., 1997 ; Haile and Kosten, 2001 ). In addition, Lew rats are also more sensitive to cocaine-induced reinstatement than F344 rats (Kruzich and Xi, 2006) and both strains Table 1 . Summary of differences in addiction-related behaviours between Lew and F344 rats Acquisition and maintenance of i.v. cocaine self-administration : faster acquisition in Lew rats, but increased intake in F344 rats once self-administration behaviour has been established. Higher breaking point in a progressive ratio in F344 rats.
exhibit differential glutamate and GABA NAcc core dynamics during reinstatement (Miguens et al., 2011a, b) .
Given that cocaine self-administration affects hippocampal LTP in Lew rats (del Olmo et al., 2006b) which is modulated by GABA and glutamate (Malenka and Bear, 2004) and that regulation of these two neurotransmitters is under endocannabinoid control in the hippocampus (Sullivan, 1999 ; Hajos et al., 2000 ; Katona et al., 2000 ; Kim and Thayer, 2000) , we set out to determine strain-related sensitivity towards cocaine, that is, whether similar cocaine self-administration could differentially alter the immunohistochemical expression of several proteins of the ECS, such as CB 1 and CB 2 , 2-AG biosynthesis and degradation enzymes diacylglycerol lipase a (DAGLa and monoacylglycerol lipase (MAGL), and the AEA biosynthesis and degradation enzymes N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) and fatty acid amino hydrolase (FAAH) in the hippocampus of Lew and F344 rats.
Method

Ethics statement
All experimental procedures with animals were performed in compliance with the European Communities directive of 24 November 1986 (86/609/ECC) and Spanish legislation (BOE 252/34367-91, 2005 ) regulating animal research. Research procedures included in the present study were approved by UNED and Hospital Carlos Haya Clinical Research and Ethics Committee.
Animals
Adult Lew (n=16 : six not treated or control, four saline and six cocaine) and F344 (n=16 : six not treated or control, four saline and six cocaine) rats that weighed approximately 275-350 g at the beginning of the experiments (F344 average weight=296 g ; Lew average weight=338 g ; Charles River Laboratories International, USA) were used in this study. All animals were experimentally naive and they were individually housed in a temperature-controlled room (22¡2 xC) with a 12-h light-dark cycle (lights on 08 : 00 hours) with free access to Purina laboratory feed (Purina Mills LLC, USA) and tap water before the initiation of the experiments.
Surgery
Intravenous catheters were surgically implanted into rats anaesthetized with ketamine (40 mg/kg) and diazepam (10 mg/kg). Polyvinylchloride tubing (0.064 i.d.) was implanted in the right jugular vein at the approximate level of the atrium. The catheter was passed subcutaneously and exited in the midscapular region. After surgery, all animals were housed individually and allowed 7 d to recover. The catheter was flushed daily with heparinized saline (0.2 ml 100 IU) to ensure its patency and with gentamicin (0.10 mg/ml) to protect against infection. At the end of the experiments, the catheter patency was tested with the barbiturate anaesthetic thiopental (10 mg/kg i.v.) and it was assumed to remain unblocked if the rat immediately lost consciousness. No catheter problems were observed in any of the rats included in data statistical analysis.
Cocaine self-administration
Twelve operant chambers (Coulburn Instruments, USA) were used for cocaine self-administration studies. Two levers designed to register a response when 3.0 g force was applied were placed 14 cm apart on the front wall of the chamber. During the self-administration experiments, active lever presses resulted in cocaine or saline delivery while inactive lever presses were recorded, but had no programmed consequences. Before surgery, Lew and F344 rats were food-deprived to 95 % of their free-feeding weight and they were submitted to a fixed-ratio 1 schedule of food reinforcement in several 30 min sessions. When rats showed a stable rate of lever pressing, they were allowed ad libitum access to food. Surgery was performed upon attainment of their original body weight. After a 7-d post-operative recovery period, the rats were food-deprived again to 95 % of their free feeding body weight. Subsequently, they were trained to selfadminister cocaine (1 mg/kg per infusion in 100 ml ; Lew n=6, F344 n=6) or saline (Lew n=4 ; F344 n=4) for 21 d under a fixed-ratio 1 schedule of reinforcement with a time-out period of 10 s. Daily training sessions lasted 2 h or until the individual rat had earned 20 cocaine infusions. A microliter injection pump (Harvard 22 ; Harvard Apparatus, USA) was used to deliver cocaine or saline infusions over 10 s when the animals pressed the active lever. Drug and food delivery, operant data acquisition and storage were all performed on IBM compatible computers (MED Associates, USA).
Immunohistochemistry
At 24 h after the last self-administration session, the animals (Lew-saline n=4 ; F344-saline n=4 ; Lew-cocaine n=6 ; F344-cocaine n=6) were transcardially perfused with 0.9 % saline followed by 4 % paraformaldehyde. We included two additional groups of animals without training to self-administration (Lew-control n=6 ; F344-control n=6). Hippocampal coronal brain sections were obtained according to the rat brain atlas of Paxinos and Watson (1998) . Sections were incubated in the diluted primary antibody overnight at room temperature (Suárez et al., 2008 (Suárez et al., , 2009 (Suárez et al., , 2010 (Suárez et al., , 2011 : rabbit anti-CB 1 , diluted 1 : 500 (kindly donated by Dr Ken Mackie ; Wager-Miller et al., 2002) , rabbit anti-CB 2 , diluted 1 : 500 (kindly donated by Dr Ken Mackie ; Brown et al., 2002) , rabbit antiin our laboratory) and rabbit anti-FAAH, diluted 1 : 100 (ref. 101600 ; Cayman, see supplementary material).
Quantification of immunostaining on hippocampal slices
Digital high-resolution microphotographs of the hippocampus were taken with a 10r objective under the same conditions of light and brightness/contrast by an Olympus BX41 microscope equipped with an Olympus DP70 digital camera (Olympus Corporation, Japan). Densitometric quantification of the immunoreactivity of selected areas was made using the analysis software ImageJ 1.38X (NIH, USA). We focused on cornu ammonis (CA)1 and CA3 areas of Ammon's horn and dentate gyrus (DG) on each tissue section. For both CA subfields, we carried out separate densitometric analysis corresponding to stratum oriens (SO), stratum pyramidale (SP), stratum radiatum (SR) and stratum lacunosummoleculare (SL-M). For DG, we carried out separate densitometric analysis corresponding to the molecular layer (mcl), the granular cell layer (gcl) and the polymorphic cell layer (pcl).
Data analysis
All data are represented as mean¡S.E.M. of 4-6 determinations per experimental group. Daily infusions of selfadministered cocaine or saline were analysed by a mixed analysis of variance (ANOVA) for repeated measures with the between-subjects factors treatment (cocaine and saline) and strain (Lew and F344) and the within-subjects factor session. The total number of injections and the averaged injections per session in each group were analysed by a two-way ANOVA with strainrtreatment serving as independent variables. Immunohistochemical data were also evaluated by three-way ANOVA, with the three factors being hippocampal regions, strain (Lew and F344) and treatment (no treatment or control, saline and cocaine) In each hippocampal region or whole hippocampus, data were also analysed by two-way ANOVA (strainrtreatment), followed by Bonferroni's post test for multiple comparisons. In cases of significant interaction, data from each strain were analysed by two-way ANOVA (regionrtreatment). p<0.05 was considered significant.
Results
Cocaine self-administration
To analyse the strain/genotype effect related to cocaine sensitivity, we performed a self-administration protocol, in which we set stable rates of cocaine consumption in both strains (Fig. 1) . We have employed a high cocaine dose (1 mg/kg) and the number of cocaine infusions was limited to 20 per session. Rats were deprived to 95 % of body weight to facilitate the acquisition of cocaine selfadministration. Thus, there were no differences between Lew and F344 regarding cocaine self-administration. Both strains of rats clearly showed a higher number of injections than saline self-administered rats (F 1,16 =26.67 ; p<0.001) and there were no statistically significant differences in either cocaine self-administration behaviour between Lew and F344 rats, in the averaged number of injections per session (F344 : 11.7¡1.9 ; Lew : 10.2¡0.7) or in total cocaine consumption (F344 : 272¡41 mg/kg ; Lew : 241¡25 mg/kg). ] represent the number of infusions in cocaine animals during self-administration sessions ; black circles (F344 rats, n=4) and black triangles (Lew rats, n=4) correspond to the saline animals in the same conditions. Cocaine self-administered animals showed robust responding as compared to saline self-administered animals. (b) Bars represent the total cocaine consumption (mg/kg) in both strains of rats after 21 d self-administration. No differences in the total number of cocaine infusions were observed between Lew and F344 rats.
hippocampus was associated with a dense network of fibres in the mcl of DG and in the SP of CA fields (Fig. 2) , which was more intense in two bands of fibres that extended between the mcl and the gcl and between the gcl and the pcl of DG (Fig. 2a, d ). In addition, another band of fibres characterized the limit between the SR and the SL-M of CA1 (Fig. 2m, p) . In the gcl of DG and the SP, fibres surrounded unstained cell bodies of the granular cells and pyramidal cells, respectively. SR of CA3 and CA1 also showed a lot of stained fibres (Fig. 2g , j, m, p), but only a fine meshwork of fibres was evident in the SO and SL-M (Fig. 2m, p) .
Quantification of CB 1 immunoreactivity are shown in Fig. 2s . Three-way ANOVA analysis showed an overall strain effect in the hippocampus (F 1,260 =18.6, p<0.001), being more evident in DG and CA3, with F344 rats exhibiting higher CB 1 immunoreactivity than Lew rats (outer mcl DG : F 1,26 =16.7, p<0.001 ; SO CA3 : F 1,26 =29.6, p<0.001 ; SP CA3 : F 1,26 =7.4, p<0.05 ; SR CA3 : F 1,26 =17.1, p<0.001). Bonferroni's test showed that CB 1 immunoreactivity was significantly higher in the outer mcl DG and SO CA3 of F344 control rats than that of Lew rats, but lower in SP CA1 of F344 rats (p<0.05). Three-way ANOVA indicated an overall treatment effect in the hippocampus (F 2,260 =41.3, p<0.001), as was evident in most hippocampal regions. Bonferroni's test showed a decrease of hippocampal CB 1 immunoreactivity after self-administration saline in both strains (Lew : SO/SP/ SR CA3, p<0.05 ; SP CA1, p<0.01 ; SR CA1, p<0.05 ; F344 : outer mcl DG, p<0.01 ; SO CA3, p<0.05 ; SP CA3, p<0.01). Moreover, CB 1 decrease was more prominent in CA3 field of cocaine self-administered Lew rats (SO/SR CA3, p<0.05 ; SP CA3, p<0.01). Three-way ANOVA also showed strainrregion interactions (F 9,260 =4.2, p<0.001), strainrtreatment (F 2,260 =4.9, p<0.01) and regionrtreatment (F 18,260 =1.8, p<0.05) factors, but not between region, strain and treatment (F 18,260 =1.04, p=0.4]), when analysing CB 1 immunoreactivity, i.e. selfadministration saline and cocaine showed different effects on CB 1 receptor levels in a strain-and regiondependent manner. Thus, strainrtreatment interactions were specifically detected in SR CA3 (F 2,26 =3.6, p<0.05) and SP/SR CA1 (F 2,26 >4.1, p<0.05).
CB 2 receptor immunoreactivity
The distribution of the CB 2 immunoreactivity in the hippocampus was characterized by a weak to moderate network of CB 2 -immunoreactivity neuropil and puncta, being more pronounced in the pcl of DG and in the SR of the CA fields (Fig. 3) . We also noted prominent staining in the inner part of the mcl of DG (Fig. 3 a, d ). The neuropil showed a mossy aspect, which defined numerous unstained cell profiles. We did not detected CB 2 immunoreactivity in the SP of CA fields and the gcl of DG. According to this distribution, most of these mossy CB 2 -immunoreactivity fibres may represent dendritic terminals. Three-way ANOVA showed an overall strain effect on CB 2 receptor immunoreactivity in the hippocampus (F 1,260 =43.8, p<0.001), showing a prominent decrease in subregions of DG and CA1 (mcl DG : F 1,26 =30.5, p<0.001 ; gcl DG : F 1,26 =7.9, p<0.01 ; pcl DG : F 1,26 =37.4, p<0.001 ; SO CA1 : F 1,26 =6.1, p<0.05 ; SP CA1 : F 1,26 =16.8, p<0.001 ; Fig. 3 s) . Three-way ANOVA indicated overall treatment effects (F 2,260 =159.2, p<0.001), which are opposite effects depending on treatment in the hippocampus of both strains. They showed an increase of CB 2 immunoreactivity in saline self-administered rats (F 1,160 =203.5, p<0.001), but a decrease in cocaine selfadministered rats (F 1,160 =42.7, p<0.001). Bonferroni's post test showed that cocaine induced a decrease in CB 2 immunoreactivity in most of the hippocampal areas analysed for both strains, being more significant in F344 rats (mcl/pcl DG, p<0.05 ; SP CA3, p<0.01 ; SO CA1, p<0.05 ; SP/SR/SL-M CA1, p<0.01) than in Lew rats (SP CA1, p<0.05 ; Fig. 3 s) . We also observed strainrtreatment interactions (F 2,260 =20.8, p<0.001), strainrregion (F 9,260 =6.9, p<0.001), treatmentrregion (F 18,260 =4.9, p<0.001) and treatmentrstrainrregion (F 18,260 =2.7, p<0.001), i.e. treatment produced different effects in CB 2 receptor level in a strain-and regiondependent manner. Analysing each hippocampal area, the strainrtreatment interaction was mainly observed in DG and CA1 (mcl DG : F 2,26 =9.4, p<0.01 ; gcl DG : F 2,26 =3.8, p<0.05 ; pcl DG : F 2,26 =15.8, p<0.001 ; SO CA1 : F 2,26 =3.4, p<0.05 ; SP CA1 : F 2,26 =6.7, p<0.01). Therefore, treatment showed different effects on CB 2 receptor level in DG and CA1 in a strain-dependent manner. Figure 4 shows representative microphotographs of DAGLa immunoreactivity of DG, CA3 and CA1 areas corresponding to the four experimental groups. The distribution of DAGLa immunoreactivity in the hippocampus was characterized by a prominent neuropil in the mcl CB 2 receptor in hippocampus of DG (Fig. 4 a, d ), the SO of CA3 (Fig. 4 g, j) and the SO and SL-M of CA1 (Fig. 4 m, p) . DAGLa-immunoreactivity neuropil and puncta may represent the dendritic spines of the granular cells in the DG, the apical dendritic tree (in the SL) and the basal dendritic tree (in the SO) of the pyramidal cells in CA3 and the apical dendritic tree (in the SL-M) and the basal dendritic tree (in the SO) of the pyramidal cells in CA1. Weakly stained neuropil was evident in the pcl of DG and in the SR of CA fields. A number of fibres can be observed surrounding the somata of the granular cells of the DG and the pyramidal cells of CA3 and CA1. An overall strain effect on DAGLa immunoreactivity was not detected in the hippocampus (F 1,234 =3.7, p=0.055). Three-way ANOVA indicated an overall treatment effect (F 2,234 =298.2, p=0.001), which was opposite in the Lew and F344 hippocampi. Bonferroni's analysis showed an increase of DAGLa immunoreactivity in saline self-administered Lew and F344 rats (Lew : p<0.001 in most regions, excepting p<0.01 in SL-M CA1 ; F344 : p<0.05 in mcl DG and SP CA1, p<0.01 in gcl+pcl DG and SR/SL-M CA1, p<0.001 in CA3 and SO/SP CA1), but a decrease only in cocaine self-administered Lew rats (p<0.05 in DG, SP CA3 and SP/SL-M CA1, p<0.01 in SR CA3, p<0.001 in SO CA3, SO/SR CA1 ; Fig. 4 s) . No significance was detected between saline and cocaine self-administration in the hippocampus of F344 rats. Three-way ANOVA analysis only showed strainrtreatment interactions when analysing DAGLa immunoreactivity in the hippocampus (F 2,234 =60.9, p=0.001), meaning that treatment produced different effects on DAGLa levels in a strain-dependent manner. Interaction was significant in all subregions of CA3 and CA1 (F 1,26 >6.1, p<0.01).
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MAGL immunoreactivity
Representative microphotographs of MAGL immunoreactivity in DG, CA3 and CA1 of the four experimental groups are shown in Fig. 5 . MAGL immunoreactivity showed an intense network of fibres in the SO and SR of CA3 and CA1 (Fig. 5 g, j, m, p) . Numerous MAGL immunostained terminals surrounded unstained pyramidal cell somata, mostly in CA fields. In the DG and in SL-M, the staining was much weaker for MAGL. 
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An overall strain effect on MAGL immunoreactivity was detected in the hippocampus (F 1,260 =46.04, p<0.001), being significant in several regions of CA3 and CA1 (SP CA3 : F 1,26 =8.4, p<0.01 ; SR CA3 : F 1,26 =18.6, p<0.001 ; SO CA1 : F 1,26 =5.0, p<0.05 ; SR CA1 : F 1,26 =23.4, p<0.001). Three-way ANOVA also showed an overall treatment effect on MAGL immunoreactivity, which was opposite in the hippocampus of Lew and F355 rats. Bonferroni's analysis showed an increase of MAGL immunoreactivity in saline self-administered Lew and F344 rats (Lew : p<0.001 in all regions ; F344 : p<0.001 in most regions excepting p<0.01 in mcl DG), but a decrease in most hippocampal subregions in cocaine selfadministered Lew rats (Lew : p<0.05 in gcl/pcl DG, SO/SR CA3 and SO/SP/SR CA1, p<0.01 in mcl DG and SP CA3) and in several subregions of cocaine selfadministered F344 rats (p<0.05 in SO/SL-M CA1, p<0.01 in pcl DG and p<0.001 in SP CA1 ; Fig. 5 s) . Threeway ANOVA analysis showed regionrstrain interactions (F 9,260 =3.7, p<0.001), regionrdrug (F 18,260 =4.2, p<0.001), strainrdrug (F 2,260 =42.2, p<0.001) and regionrstrainrdrug (F 18,260 =1.9, p<0.05), i.e. treatment produced different effects in MAGL expression in a strain-and region-dependent manner.
NAPE-PLD immunoreactivity
We observed that staining for NAPE-PLD was more intense in the mcl, being more evident in its outer portion than in the gcl and pcl (Fig. 6) . NAPE-PLD staining was associated with a fine meshwork of fibres (neuropil) and some scattered cells that were mainly observed in the pcl (Fig. 6 a, d) . Moderate NAPE-PLD immunoreactivity neuropil extended from CA3 to CA1, being more prominent in the SR of CA fields. Some positive neurons were also detected in the SR of the hippocampus (Fig. 6 g, j, m, p) .
Three-way ANOVA showed an overall strain effect on hippocampal NAPE-PLD immunoreactivity (F 1,260 =19.5, p<0.001), being lower in F344 rats. We found significance in pcl DG (F 1,26 =5.6, p<0.05) and three CA1 subregions (SO CA1 : F 1,26 =11.01, p<0.01 ; SP CA1 : F 1,26 =4.7, p<0.05 ; SL-M CA1 : F 1,26 =4.8, p<0.05). Three-way ANOVA also showed treatment effects in NAPE-PLD (Fig. 6 s) . NAPE-PLD immunoreactivity only presented a strainrregion interaction (F 9,260 =2.5, p<0.01) and treatmentrregion (F 18,260 =7.8, p<0.001). Therefore, strain and cocaine showed different effects in NAPE-PLD immunoreactivity in a region-dependent manner.
FAAH immunoreactivity
FAAH immunoreactivity was weakly detected in the somata of the granular cells of DG, but was more evident in some somata of polymorphic cells of DG (Fig. 7 a, d ).
FAAH immunoreactivity was intensely detected in the somata and proximal dendrites of the pyramidal neurons from CA3 to CA1 (Fig. 7g, j, m, p) . Some FAAHimmunoreactivity neurons were also observed in the SR and SO, as well as small cells in the alveus. After three-way ANOVA analysis, an overall strain effect was observed (F 1,260 =43.0, p<0.001), being significant in some subregions of the hippocampal areas (mcl DG : F 1,26 =7.6, p<0.05 ; gcl DG : F 1,26 =7.06, p<0.05 ; SO CA3 : F 1,26 =11,7, p<0.01 ; SP CA3 : F 1,26 =18.3, p<0.001 ; SR CA3 : F 1,26 =7.7, p<0.05), meaning that FAAH immunoreactivity was lower in F344 hippocampi. Threeway ANOVA showed overall treatment effects on FAAH immunoreactivity, which were opposite between saline and cocaine self-administration in the hippocampus of F344 rats. Thus, Bonferroni's analysis showed an increase of FAAH immunoreactivity in saline self-administered Lew and F344 rats (Lew : mcl DG, p<0.05 ; SO/SP CA3, p<0.05, SR CA3, p<0.01 ; SO/SR CA1, p<0.05 ; SP CA1, p<0.001 ; SL-M CA1, p<0.01 ; F344 : mcl/gcl DG, p<0.05 ; SO/SR CA3, p<0.05 ; SP CA3, p<0.001 ; SO CA1, p<0.05 ; SP CA1, p<0.001 ; SR CA1, p<0.01), but a decrease only in cocaine self-administered F344 rats (SP CA3, p<0.05 ; Fig. 7 s) . We also only observed strainr treatment interactions (F 2,260 =5.9, p<0.01) and regionrtreatment (F 18,260 =4.1, p<0.001) , that is, cocaine showed a different effect in the hippocampus in a strain-and regiondependent manner. After analysing each hippocampal subregion, we observed a strainrtreatment interaction only in SP of CA3 (F 1,26 =3.4, p<0.05).
Endocannabinoid degrading/producing enzyme ratio
To analyse whether the differential expression of either endocannabinoid producing or degrading enzymes may result in an altered endocannabinoid tone in the three hippocampal areas of the four experimental groups, we calculated the ratios between DAGLa and MAGL expressions and between NAPE-PLD and FAAH expressions. These ratios can suggest possible changes of 2-AG and AEA levels respectively (Fig. 8) . A main result of this analysis was that three-way ANOVA showed a strain effect in the NAPE-PLD :FAAH ratio (F 1,260 =11.3, p<0.01 ; Fig. 8 a) and the DALGa :MAGL ratio (F 1,260 =28.2, p<0.001 ; Fig. 8 b) . induced a significant increase in DAGLa :MAGL ratios in several hippocampal subregions of F344 rats (gcl/pcl DG, SP CA3 and SO/SP/SL-M CA1, all at p<0.05), whereas no change was detected for DAGLa :MAGL ratios in the hippocampal areas of Lew rats (Fig. 8b) . We detected regionrstrain (F 9,260 =2.2, p<0.05) and strainrtreatment (F 2,260 =3.5, p<0.05) interactions when NAPE-PLD :FAAH ratio was analysed in the hippocampus, i.e. strain and cocaine showed different effects in the AEA index in a region-dependent manner. DAGLa :MAGL ratio showed regionrtreatment (F 18,260 =2.7, p<0.001) and strainrtreatment (F 2,260 =20.5, p<0.001) interactions, indicating that cocaine showed different effects in the 2-AG index in a region-and strain-dependent manner.
Effects on the ECS in the whole hippocampus Figure 9 summarizes the main effects of strain, treatment and interactions on the ECS in the whole hippocampus. We observed a significant decrease (p<0.05) in the immunohistochemical expression of CB 1 receptor in the hippocampus of saline self-administrated Lew rats that was enhanced (p<0.001) after cocaine self-administration (Fig. 9a) . Two-way ANOVA analysis indicated a strain effect (F 1,26 =4.49, p=0.045) and a treatment effect (F 2,26 =8.4, p<0.01) on the CB 1 expression of the whole hippocampus. While we did not observe differences in the CB 2 expression between saline and cocaine selfadministered Lew rats, the CB 2 increase detected in the hippocampus after saline self-administration in Lew (p<0.001) and F344 (p<0.01) rats were blocked after cocaine self-administration only in F344 rats (p<0.01 ; Fig. 9 b) . Two-way ANOVA analysis indicated a strain effect (F 1,26 =4.1, p=0.05) and a treatment effect (F 2,26 =15.8, p<0.001) on the CB 2 expression of the whole hippocampus. The decrease observed in the NAPE-PLD :FAAH ratio in the hippocampus after saline selfadministration in Lew (p<0.05) and F344 (p<0.001) rats was enhanced only in cocaine self-administered Lew rats (p<0.001), but not in cocaine self-administered F344 rats (Fig. 9 c) . We only detected a treatment effect (F 2,26 =25.06, p<0.001) on the NAPE-PLD :FAAH ratio of the whole hippocampus. We did not observe differences in the DAGLa :MAGL ratio between saline and cocaine self-administered Lew rats, but DAGLa :MAGL ratio decreases (p<0.05) detected in the hippocampus of saline self-administered F344 rats were blocked after cocaine self-administration (Fig. 9 d) . We did not detect any effect or interaction on the DAGLa :MAGL ratio of the whole hippocampus.
Discussion
The issue of psychogenetics in the response to drugs of abuse is becoming a key factor for understanding the individual differences underlying the natural history of addicts. Exposure to environmental factors and individual genetic background determine vulnerability to addiction and complicates its treatment. The main results of the present study clearly support the differences of genetic background on the response to cocaine. They determine a role for the ECS in that differential phenotype. This is supported by findings showing that : (1) there were strain differences regarding expression of ECSrelated proteins, especially in CB 1 and CB 2 receptors. F344 rats showed higher immunoreactivity for CB 1 and lower immunoreactivity for CB 2 as compared to Lew rats ; (2) self-administration process (saline), which included cannulation and food restriction, induced relevant changes in the expression of ECS-related proteins in both strains of rats. In saline self-administered rats, we observed increased expression of CB 2 receptor and a prominent decrease of NAPE-PLD :FAAH ratios compared to control rats, suggesting an important down-regulation of the endocannabinoid production in the hippocampus of Lew and F344 rats ; (3) setting stable rates of cocaine consumption (we set a self-administration schedule in which we equalize the number of cocaine infusions) may induce The decrease observed in the immunohistochemical expression of CB 1 in saline self-administered Lew rats was enhanced after cocaine self-administration (a). CB 2 increase detected in saline self-administered F344 rats was blocked after cocaine self-administration (b). The decrease observed in the NAPE-PLD :FAAH ratio in saline self-administered Lew rats was enhanced after cocaine self-administration (c). DAGLa :MAGL ratio decrease detected in saline self-administered F344 rats was blocked after cocaine self-administration (d differential expression of ECS-related proteins in Lew and F344 rats. Differences in the immunohistochemical expression of the ECS-related proteins, including CB 1 and CB 2 , were related to the genotype, but not to the amount of cocaine consumed. The decrease observed in the CB 1 receptor and NAPE-PLD :FAAH ratio in the hippocampus of saline self-administered Lew rats was enhanced after cocaine self-administration, but not in the hippocampus of cocaine self-administered F344 rats. While we did not observe differences in the CB 2 expression between saline and cocaine self-administered Lew rats, CB 2 increase detected in the hippocampus of saline self-administered F344 rats was blocked after cocaine selfadministration. Thus, similar cocaine exposure differentially affected ECS-related proteins in a strain-dependent manner and this fact supports the differences in cocaine sensitivity between Lew and F344 rats. These strain differences in response to cocaine could reflect differences in pharmacokinetics. It was shown that Lew rats had higher plasma and brain levels of cocaine than F344 rats, which can explain the strain differences in the behavioural and neurochemical effects of cocaine (Camp et al., 1994 ; Kosten et al., 1994 ; Lepore et al., 1996 ; Grabus et al., 2004 ; Freeman et al., 2009 ; Picetti et al., 2010) . Cocaine self-administration was associated with a higher reduction of CB 1 expression in the hippocampus of Lew rats and a decrease on CB 2 expression in the hippocampus of F344. Finally, an important finding of this study was that the NAPE-PLD :FAAH ratio was significantly lower in cocaine self-administered Lew rats, but the decreased DAGLa/MAGL ratio observed in saline self-administered rats was reversed by cocaine selfadministration in F344 rats. These results suggest a lower AEA tone in the hippocampus of Lew rats and a higher 2-AG tone in the hippocampus of F344 rats directly caused by cocaine. Although it is true that a real foodrestriction group for comparing to the saline selfadministered group can limit the interpretation of the results, it is feasible to think that the training process (cannulation and food restriction) reduced CB 1 expression and the NAPE-PLD :FAAH ratio. Thus, further controls for this effect must be conclusively determined in future studies. However, it is also clear that cocaine selfadministration increased this effect in a strain-dependent manner. Moreover, the food-restriction-associated decrease in DAGLa :MAGL ratio and the food-restrictionassociated increase in CB 2 receptor are counteracted by cocaine again in a strain-specific manner. We are aware of the limitation of our experimental model of cocaine selfadministration and the controversy if the differences were due to cocaine, the self-administration process or an interaction between them. Additional studies on passive cocaine administration, such as repetitive i.p. injection or jugular administration, could clarify the interpretation of these differences. However, it is important to remark that these processes, used for the identification of other cocaine-associated implicit learning, such as place preference or behavioural sensitization, are different approaches to those used in the present study that better mimic aspects of compulsive drug intake observed in humans.
Results from previous studies of the effects of cocaine on endocannabinoid production show some controversy. For instance, while chronic cocaine did not induce changes in the levels of AEA and 2-AG in the hippocampus (Gonzalez et al., 2002) or cocaine self-administration induced no alterations in the levels of AEA or 2-AG in the NAcc (Caille et al., 2007) , Orio et al. (2009) demonstrated that AEA levels decreased in the NAcc in rats with controlled access to cocaine self-administration. Unfortunately, endocannabinoid levels were not measured in the hippocampus in this latter study ; therefore, no direct comparisons can be drawn between this study and ours. The fact that Gonzalez et al. (2002) showed that chronic cocaine did not modify 2-AG production in the hippocampus while in our study cocaine self-administration might be associated with an increased 2-AG tone can be explained by the specific effects in the contingency between the operant response (i.e. lever press) and drug administration, which is present in the self-administration paradigm but not in a passive administration protocol. These differential neuroadaptations between active and passive cocaine selfadministration have been described at different neurochemical models in cocaine addiction (Stefań ski et al., 2007) .
Cocaine has been shown to modulate several neurotransmitter systems in a manner that is dependent upon contingency of drug administration (Crespo et al., 2001 ; Miguens et al., 2008) . Cocaine self-administration significantly enhanced the decreased expression detected in CB 1 in saline self-administrated Lew rats. This enhanced effect was confined to the CA3 field of the hippocampus. The functional implications of the lowered CB 1 receptor expression in CA3 field and the reduced NAPE-PLD :FAAH ratio in most hippocampal subregions (including principal cell layers) of Lew rats after cocaine self-administration remain undiscovered, but may suggest a down-regulation of presynaptic inhibition. Moreover, bearing in mind that AEA has been reported to impair LTP (Terranova et al., 1995) , it could be suggested that this reduced index of AEA production might be involved in the facilitation of LTP and improved spatial learning, which is evident after cocaine exposure in Lew rats (del Olmo et al., 2006a (del Olmo et al., , b, 2007 . Cocaine selfadministration increased the DAGLa :MAGL ratio in the principal cell layers of F344 rat hippocampus, suggesting increased 2-AG production. In contrast, this effect may lead to impaired LTP, as 2-AG has been shown to inhibit LTP in the hippocampus (Stella et al., 1997) , as was recently confirmed with DAGLa null mice (Gao et al., 2010) . However, it must be noted that cocaine self-administration induced an overall down-regulation of CB 1 in F344 rats. This effect can be regarded as a compensatory mechanism for the increased DAGLa :MAGL ratio, which could be specific for principal hippocampal layers of F344 rats. Although (1) our results in NAPE-PLD :FAAH ratio partially agree with previous studies showing lowered AEA levels after cocaine self-administration (Orio et al., 2009) and (2) the NAPE-PLD null mouse brains showed a dramatic reduction of N-acyl ethanolamine levels (Leung et al., 2006) , we cannot exclude the participation of others enzymes capable of generating AEA, such as a/b hydrolase 4, lyso-PLD, lyso-PLC and phosphatases such as PTPN22 (Liu et al., 2008) . Moreover, we cannot exclude that the 2-AG level could also be affected by the participation of other hydrolases, such as ABHD6, ABHD12 and NTE, in the termination of 2-AG signalling (Sugiura et al., 1995 ; Blankman et al., 2007) . All these issues should be addressed in further studies.
CB 2 expression was significantly increased after selfadministration training, but, in contrast to CB 1 , decreased following cocaine self-administration. The decreased levels of CB 2 were observed in most layers of the F344 hippocampus. CB 2 in the brain is mainly located in microglial cells, a resident population of cells in the CNS that is morphologically, phenotypically and functionally related to macrophages (Cabral et al., 2008) . In these cells and other brain-associated cells, CB 2 is expressed and modulated according to cell activation state during inflammation and have recently been linked to schizophrenia-like symptoms (Ortega-Alvaro et al., 2011). Moreover, microglial cells play a role in several psychiatric disorders such as schizophrenia (Munn, 2000) , whose expression is also known to be exacerbated by concomitant cocaine addiction (Green and Brown, 2006 ; Chambers et al., 2010) . CB 2 gene expression is thought to be involved in the effects of abused substances, including cocaine, in rodents (Onaivi et al., 2008) . A relevant study from Xi et al. (2011) showed that CB 2 activation inhibited cocaine self-administration, cocaine-enhanced locomotion and cocaine-enhanced accumbens extracellular dopamine, suggesting that CB 2 receptors modulate cocaine rewarding and locomotor-stimulating effects by a dopamine-dependent mechanism. We can speculate that the down-regulation of CB 2 in the hippocampus after cocaine self-administration may be the link in cocaine sensitization (Aracil-Fernández et al., 2012) .
There were strain differences in the basal levels of CB 1 , showing higher expression in F344 rats. It has been shown that CB 1 activation in the hippocampus is associated with anxiogenic responses (Roohbakhsh et al., 2009) and that F344 rats are known to display more anxiety-like responses than Lew rats in a variety of tests (Kosten and Ambrosio, 2002) . Therefore, it could be argued that the overall higher levels of CB 1 receptors in F344 rats could explain their documented higher anxiety levels. However, endocannabinoids in the hippocampus not only regulate emotional behaviours, they also play a role in synaptic plasticity and memory (Puighermanal et al., 2009 ; Abush and Akirav, 2010) . Thus, the higher levels of hippocampal CB 1 in F344 rats could be suggested as an explanatory mechanism for the impaired spatial learning in a radial maze task observed in this strain (Fole et al., 2011) .
In conclusion, taking into account the possible effects related to food restriction during self-administration training, the present study has determined the effects of cocaine self-administration on the immunohistochemical expression of several proteins of the ECS in the hippocampus. The main findings of this work were that CB 1 was down-regulated in the hippocampus of cocaine selfadministered Lew rats, whereas CB 2 was down-regulated in the hippocampus of cocaine self-administered F344 rats. The DAGLa :MAGL and NAPE-PLD :FAAH ratios, estimating 2-AG and AEA production, were modulated in opposite directions by identical cocaine selfadministration in a strain-specific fashion. The relevance of these changes may rely on genetically determined differential modulation of transmitter systems, including endocannabinoid signalling. Thus, future research on the contribution of the endogenous cannabinoid system to addiction needs to consider that this may not be a simple uniform response to the psychostimulant but a complex multi-factorial pattern of responses. Understanding whether differential production of 2-AG and AEA has an impact in the pathophysiology of addiction and associated psychiatric disorders remains a point for further studies.
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